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by molecular methods, the larvae of A. antennatus and G. elegans are distinguished from each other 
by the ornamentation of the antennula. A possible confusion in previous descriptions of Aristeidae 
larvae is addressed and a new key for the identification of Dendrobranchiata larvae provided.
Fisheries science depends on reliable and sufficient data about exploited species to build efficient strategies that 
ensure the durability of marine resources. One fundamental aspect of fisheries science is the study of species 
connectivity, as this information can shape the definition of stocks and set the range and scope of management 
instruments. Regardless of their adult habitat, many species have planktonic larvae. During this life phase, 
organisms are easily transported by currents; this plays a key role in terms of dispersal strongly influencing 
species’ connectivity and recruitment  patterns1–3. For crustacean decapods, there is a well-documented body 
of knowledge about the larval stages of some exploited  species4–6. However, this is not the case for deep-sea 
Dendrobranchiata, for which information is lacking despite the economic relevance in fisheries of some species. 
The scarcity of these larvae in plankton samples and the challenges of rearing these species in the laboratory 
are probably one of the main causes of the limited number of descriptive studies on the subject. As a result, 
observed data on deep-sea Dendrobranchiata larval abundance and distribution are scarce, and many of their 
larval stages are still  undescribed7.
The deep-sea blue and red shrimp Aristeus antennatus (Risso 1816) is targeted by bottom trawlers in the 
entire Mediterranean Sea and the Northwestern coast of Africa. Its global catch reached 2,988 tonnes in  20168 
and in some areas like the Spanish Mediterranean coast, this species alone can represent up to 50% of fishermen 
associations’ yearly  revenues9,10. Its adult biology has been thoroughly  studied11–13, particularly in the North-
western Mediterranean Sea, where it has been subject to a long-term co-management plan at a local  scale14. The 
reproductive period of A. antennatus spans from May to September, with a peak in July and August, when females 
aggregate at the continental shelf  break15,16. As for the mesopelagic shrimp Gennadas elegans, its distribution 
englobes the whole Atlantic Ocean and the Mediterranean Sea. It has no commercial interest but it is often caught 
open
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accidentally by bottom trawlers targeting A. antennatus. The reproductive cycle of G. elegans has not yet been 
studied, but larvae of the species have been caught in the plankton all year round (e.g.17).
According to general knowledge about dendrobranchiate shrimps, the females spawn their eggs into the water 
column. The eggs then hatch into a nauplius, the first free-living larval phase which metamorphoses into a series 
of zoeal stages, often referred to as protozoea in their early stages and mysis during the late stages. The last mysis 
moults into a decapodid, which after a series of moults becomes a juvenile and begins searching for settlement 
in the adult  habitat18. For A. antennatus, only 3 protozoeas and 2 mysis stages have been identified and described 
from plankton  samples20–22. In 1955,  Heldt20 described two larval series obtained from plankton samples in the 
Balearic Sea (Northwestern Mediterranean) and reared in laboratory conditions that she attributed to Aristeus 
antennatus and Aristaeomorpha foliacea. For A. antennatus, the publication presented the morphological descrip-
tion for the three protozoea stages and the first mysis stage; for A. foliacea, it described the last naupliar stage, 
the protozoea II and III and the first mysis stage. In particular, the first protozoea (PZ I) of A. antennatus was 
described from a single individual, whereas the PZ I of A. foliacea remained undescribed since, as mentioned 
by the  author20, the single available specimen was lost. Occurrence of A. antennatus larvae in the plankton have 
been reportedly  scarce21,23–26 until a recent study reported findings of all known larval stages of the species, with 
a particular high abundance of the PZ  I22. For G. elegans, the only available description features only the PZ II 
and older  stages5, while the description of the PZ I is included in a previous, more general study on the genus 
Gennadas27. Occurrence of Gennadas spp. PZ I has been widely reported in zooplankton studies (e.g.21,27–29).
Knowledge about Dendrobranchiata PZ I is particularly useful for fisheries science as this stage generally 
occurs from a few hours to a few days after hatching and can provide information on the spawning areas of the 
 species18. Furthermore, information on larval behavior and distribution is essential to determine the connec-
tivity patterns of commercial species and establish effective management  strategies30. In this context, accurate 
identification of the larvae is key. The objective of this study was to accurately and comprehensively describe 
the first protozoeal stage of the deep-sea shrimps A. antennatus and G. elegans, to compare them in search for 
morphological distinguishing characters, and how the findings relate to previously available information.
Results
The main differential morphological characters between the first protozoea stage of the two species are sum-
marized in Table 1. Also, we propose an identification key to distinguish the first protozoeal stage of Dendro-
branchiata larvae of species occurring in the Northeastern Atlantic ocean and Mediterranean Sea, gathering 
information from our own observations and from available  literature31–38. The general body morphology descrip-
tion of the Dendrobranchiata first protozoea stage can be found in some recent  references18,19. The first protozoea 
(PZ I) of Dendrobranchiata larvae has a carapace covering part of the cephalotorax, followed by an unsegmented 
pleon and finishing in a large bilobed telson (Figs. 1A, 2A, 3A, C–I, L). The carapace is unarmed in most of 
the Penaeidae (Figs. 1A, 2A, 3L) but the Solenoceridae (Fig. 3C), the Luciferidae (Fig. 3A) and the Sergestidae 
(Fig. 3D–I) possess dorsal and lateral spines or processes. The compound eyes are covered by the carapace (e.g. 
Fig. 3E), and the naupliar eye is still visible (Fig. 3C). These larvae have two pairs of antennae in the anterior part 
of the carapace: the first pair (antennula) is uniramous and the second one (antenna) is biramous. In the antennae 
Table 1.  Summary of most relevant differential morphological characters between Aristeus antennatus and 
Gennadas elegans protozoea I larvae and the previous morphological description of the same larval stage 
attributed to A. antennatus. a: aesthetascs, s: setae.
Features Gennadas elegans (this study) Aristeus antennatus (this study)
Aristaeomorpha foliacea as Aristeus 
antennatus (Heldt, 1955)
Total length (mm) 0.86–1.22 1.12–1.25 1.55
Carapace length (mm) 0.33–0.44 0.37–0.49 Not available
Naupliar eye Present Present Present
Eyes Compound eyes feebly dark Compound eyes well formed and dark Compound eyes well formed and dark
Pereion, frontal organs Present Present Present
Antennula, number of setae (s) and aes-
thetascs (a) on somites 0, 1 s, 1 s + 3a + 3 s 1 s,4 s, 3a + 3 s 1 s,4 s,2a + 3 s
Antenna, protopod and endopod setal 
formula 2 + 2 + 2 2 + 2 + 2 Not available
Maxillula Basial endite: 4 s; Endopod: 2 s, 2 s, 2 s + 3 s Basial endite: 5 s; Endopod: 3 s, 2 s, 2 s + 3 s Basial endite: 4 s; Endopod: 2 s, 2 s,1 s,3 s
Maxilla Basial endite: 5 s + 4 s + 3 s, plumose
Endopod: 2-segmented, 2 s + 2 s + 2 s, 3 s Endopod: 1 s, 2 s, 2 s, 3 s Endopod: 2 s, 2 s, 2 s, 3 s
Exopod: 5 s, long plumose Exopod: 4 s Exopod: 5 s
First maxilliped Endopod: 4-segmented, 2 s, 1 s, 2 s, 4 s Endopod: 3 s, 3 s, 2 s, 5 s Endopod: 2 s, 2 s, 3 s, 5 s
Exopod: 2-segmented, 1 + 1 + 1 + 1 s, 3 s, 2 
plumose setae on distal margin Exopod: 1 + 4 s Exopod: 1 + 1 + 1 + 4 s
Second maxilliped Endopod: 2 s, 1 s, 2 s, 4 sExopod: 1 + 1 + 4 s
Endopod: 1 s, 1 s, 2 s, 5 s
Exopod: 1 + 4 s
Endopod: 2 s, 2 s, 1 s, 1 s, 5 s
Exopod: 1 + 1 + 4 s
Third maxilliped Endopod: as budExopod: 2 long plumose setae
Endopod: as bud
Exopod: 2 long plumose setae
Endopod: as bud
Exopod: 3 s (1 short, 2 long)
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Figure 1.  Aristeus antennatus first protozoea larva. (A) Dorsal view; (B) antennula; (C) antenna; (D) mandible; 
(E) maxillula; (F) maxilla; (G) first maxilliped; (H) second maxilliped; (I) third maxilliped. Drawn with GIMP 
software (v. 2.10.18, https ://gimp.org).
4
Vol:.(1234567890)
Scientific RepoRtS |        (2020) 10:11178  | https://doi.org/10.1038/s41598-020-68044-9
www.nature.com/scientificreports/
Figure 2.  Gennadas elegans first protozoea larva. (A) Dorsal view; (B) antennula; (C) antenna; (D) mandible; 
(E) maxillula; (F) maxilla; (G) first maxilliped; (H) second maxilliped; (I) third maxilliped. Drawn with GIMP 
software (v. 2.10.18, https ://gimp.org).
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Figure 3.  Drawings of known protozoea I larvae of Dendobranchiata species. (A) Dorsal view of Lucifer 
penicillifer; (B) telson of Petalidium sp.; (C) dorsal view of Solenocera membranacea; (D) dorsal view of 
Parasergestes vigilax; (E) dorsal view of Sergestes atlanticus; (F) dorsal view of Eusergestes arcticus; (G) dorsal 
view of Deosergestes corniculum; (H) dorsal view of Sergia remipes; (I) dorsal view of Deosergestes henseni; (J) 
antenna of Penaeus kerathurus; (K) antenna of Penaeopsis rectacuta; (L) dorsal view of Sicyonia carinata; (M) 
antenna of Parapenaeus longirostris; (N) third maxilliped of Aristaeomorpha foliacea. All figures redrawn with 
GIMP software, (v. 2.10.18, https ://gimp.org) from: A. 36; B and I. 27; C. 37; D, E, G and H. 38; F. 39; J, L and M. 5; K. 
40; N. 20. Drawings not to scale.
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(e.g. Fig. 3K, J, M), the exopod is composed by a long plumose outer ramus with several ringlets throughout its 
length, and the endopod is the inner ramus. The mouth appendices are composed by a pair of mandibles, with 
incisor and molar processes, and two pairs of maxillae. The larvae also present 2 pairs of biramous maxillipeds 
where the outer ramus is the exopod and the inner ramus is the endopod. The third pair of the maxilliped, when 
present, is still rudimentary.
Morphological  description  of  Protozoea  I  of  Aristeus antennatus (fig. 1). Size: TL (total 
length) = 1.12–1.25 mm; CL (carapace length) = 0.37–0.49 mm; N (number of protozoea examined) = 13.
Carapace (Fig. 1A): carapace almost rounded, longer than wider, reaching the level of the second maxilliped, 
with frontal organs visible at the anterior part; naupliar eye present flanked by a pair of compound eyes that are 
already visible through the carapace; 6 thoracic somites visible.
Antennula (Fig. 1A,B): first paired uniramous appendage in the cephalotorax, consisting of 3 articles: proxi-
mal article subdivided in 5 ringlets, bearing 1 short serrulate seta on the posterior end; second article with 1 
positioned at mid-length of article and 3 serrulate setae distally; distal article with 3 aesthetascs subterminally 
and 3 long sparsely plumose setae on the posterior end.
Antenna (Fig. 1A,C): second paired biramous appendage in the cephalotorax, longer than antennula, consist-
ing of a peduncle, an endopod and an exopod. Peduncle 3-segmented with 1 + 1 sparsely plumose setae on distal 
segment; endopod 2-segmented with 2 + 2 lateral plumose setae in proximal segment and 4 long plumose and 1 
simple setae in the posterior segment; exopod with 11 ringlets, 3rd ringlet with a transversal incomplete separation, 
ringlets 4th to 11th each with a long plumose setae along inner margin and two more long plumose setae on the 
terminal position of the 11th ringlet, 4th and 6th ringlets each with an additional plumose setae on outer margin.
Mandible (Fig. 1D): the first paired appendage following the mouth placed in the ventral side of the cepha-
lotorax, with distinct incisor and molar processes; incisive part with 2 + 2 teeth (the one placed near the molar 
part is short serrated); molar part with numerous small conate and uncinate teeth; without palp.
Maxillula (Fig. 1E): the second paired appendage following the mouth placed in the ventral side of the 
cephalotorax, divided in coxa, basipod, endopod and exopod. Coxa with 7 (1 simple and 6 papposerrate) setae; 
basipod with 5 (1 simple and 4 cuspidate) setae; endopod 3-segmented with 2 sparsely plumose and 1 small 
simple setae on the proximal segment, 2 sparsely plumose setae on second segment and 2 + 3 sparsely plumose 
setae on distal segment; exopod as a small knob-like structure with 4 long plumose setae.
Maxilla (Fig. 1F): the third paired appendage following the mouth placed in the ventral side of the cephalo-
torax, composed of coxa, basipod, endopod and scaphognathite. Coxal endite bilobed with 3 + 4 plumose setae; 
basial endite trilobed with 3 + 2 + 4 plumose setae; endopod 4-segmented bearing 1,1 + 1,1 + 1,3 long plumose 
setae; scaphognathite with 4 marginal long plumose setae.
First maxilliped (Fig. 1A,G): biramous paired appendage placed in the penultimate thoracic somite covered by 
the carapace, consisting of a protopod, an endopod and an exopod. Protopod 2-segmented (coxa and basipod), 
proximal coxal portion with 10 papposerrate setae; distal basial portion with 2 + 5 papposerrate setae along 
margin and 3 papposerrate seta on distal end; endopod 4-segmented with 3, 3, 2, 5 papposerrate setae; exopod 
unsegmented with 3 long and 4 plumose setae on distal margin.
Second maxilliped (Fig. 1A,H): biramous paired appendage placed in the last thoracic somite covered by the 
carapace, divided in coxa, basipod, endopod and exopod. Coxa with 1 seta; basipod with 1 + 2 + 2 papposerrate 
setae; endopod 4-segmented with 1, 1, 2, 4 papposerrate setae; exopod unsegmented with 1 + 4 long plumose setae.
Third maxilliped (Fig. 1A,I): biramous paired appendage placed in the first thoracic somite not covered by 
the carapace, consisting of an endopod and an exopod. Endopod represented by a small bud tapered at the end; 
exopod unsegmented with 2 long plumose setae distally.
Pereiopods: absent.
Pleon (Fig. 1A): pleomeres not completely differentiated, united with the telson and unarmed.
Pleopods: absent.
Uropods: absent.
Telson (Fig. 1A): broadly bifurcate with two distinct branches, each branch with 7 long plumose spines except 
the outermost one that is simple.
Morphological description of Protozoea I of Gennadas elegans (fig. 2). Size: TL = 0.86–1.22 mm; 
CL = 0.33–0.44 mm; N = 9.
Carapace (Fig. 2A): carapace almost rounded, longer than wider, reaching the level of the second maxilliped, 
with frontal organs visible at the anterior part; naupliar eye present flanked by a pair of compound eyes that are 
already visible through the carapace; 6 thoracic somites visible and not covered by the carapace.
Antennula (Fig. 2A,B): first paired uniramous appendage in the cephalotorax, consisting of 3 articles: proxi-
mal article subdivided in 5 ringlets; second article with 1 very small simple spine distally; distal article with 3 
aesthetascs and 1 sparsely plumose setae subterminally and 3 long sparsely plumose setae on the distal end.
Antenna (Fig. 2A,C): second paired biramous appendage in the cephalotorax, longer than antennula, con-
sisting of a peduncle, an endopod and an exopod. Peduncle 3-segmented with 2 sparsely plumose setae on 
distal segment; endopod 2-segmented with 2 + 2 lateral plumose setae in proximal segment and 4 long + 1 short 
plumose setae in the distal somite; exopod with 11 ringlets, ringlets 4th to 11th each with a long plumose setae 
along inner margin and two more long plumose setae on the terminal position of the 11th ringlet, 4th and 6th 
ringlet each with an additional plumose setae on outer margin.
Mandible (Fig. 2D): the first paired appendage following the mouth placed in the ventral side of the cepha-
lotorax, with distinct incisor and molar processes; incisive part with 3 (one minute) + 2 (the one placed near 
the molar part is serrated) teeth; molar part with numerous small connate and uncinated teeth; without palp.
7
Vol.:(0123456789)
Scientific RepoRtS |        (2020) 10:11178  | https://doi.org/10.1038/s41598-020-68044-9
www.nature.com/scientificreports/
Maxillula (Fig. 2E): the second paired appendage following the mouth placed in the ventral side of the 
cephalotorax, divided in coxa, basipod, endopod and exopod. Coxa with 7 (1 simple and 6 papposerrate) setae; 
basipod with 4 (2 cuspidate and 2 papposerrate) setae; endopod 3-segmented with 2 sparsely plumose setae on 
the proximal segment, 2 sparsely plumose setae on second somite and 2 + 3 sparsely plumose setae on distal 
segment; exopod as a small knob-like structure with 4 long plumose setae.
Maxilla (Fig. 2F): the third paired appendage following the mouth placed in the ventral side of the cephalo-
torax, composed of coxa, basipod, endopod and scaphognathite. Coxal endite bilobed with 7 (1 small simple) + 2 
plumose setae; basial endite trilobed with 5 + 4 + 3 plumose setae; endopod 2-segmented bearing 2 + 2 + 2, 3 long 
plumose setae; scaphognathite with 5 marginal long plumose setae.
First maxilliped (Fig. 2A,G): biramous paired appendage placed in the penultimate thoracic somite covered by 
the carapace, consisting of a protopod, an endopod and an exopod. Protopod 2-segmented (coxa and basipod), 
proximal coxal portion with 7 papposerrate setae; distal basial portion with 1 + 3 papposerrate setae; endopod 
4-segmented with 2, 1, 2, 4 papposerrate setae; exopod 2-segmented with 1 + 1 + 1 + 2 setae along margin of 
proximal segment and 2 plumose setae on distal margin of terminal segment.
Second maxilliped (Fig. 2A,H): biramous paired appendage placed in the last thoracic somite covered by 
the carapace, divided in coxa, basipod, endopod and exopod. Coxa with 1 papposerrate seta; basipod with 
1 + 2 + 2 papposerrate setae; endopod 4-segmented with 2, 1, 2, 4 papposerrate setae; exopod unsegmented with 
1 + 1 + 2 + 2 long plumose setae.
Third maxilliped (Fig. 2A,I): biramous paired appendage placed in the first thoracic somite not covered by 
the carapace, consisting of an endopod and an exopod. Endopod represented by a small bud rounded at the end; 
exopod unsegmented with 2 long plumose setae distally.
Pereiopods: absent.
Pleon (Fig. 2A): 2 pleomeres differentiated, all the others united with the telson and unarmed.
Pleopods: absent.
Uropods: absent.
Telson (Fig. 2A): broadly bifurcate with two distinct branches, each branch with 7 long plumose spines.
Identification key for the first protozoeal stage of Dendrobranchiata larvae of the Northeast‑
ern Atlantic and Mediterranean Sea. 
1 Rostrum present (Fig. 3A) 2
Rostrum absent (Fig. 3C–I, L) 3
2 Telson with 5 pairs of spines (Fig. 3A) Lucifer and Belzebub
Telson with 6 pairs of spines (Fig. 3B) Petalidium
3 Pereion margin with spines or processes (Fig. 3C–I) 4
Pereion margin smooth (Fig. 3L) 10
4 Pereion octagonal with a pair of robust spines at each vertice (Fig. 3C) Solenocera membranacea
Pereion with anterior, lateral and posterior processes 
(Fig. 3D–I) 5
5 Pereion anterior process with 3 branches (Fig. 3D–F) 6
Pereion anterior process with 4 branches (Fig. 3G–I) 8
6 Median branch of the anterior process of pereion with denti-cles only (Fig. 3D) Parasergestes vigilax
All branches of anterior pereion process with denticles 
(Fig. 3E, F) 7
7 Telson branches long and narrow, length more than 3 times the width (Fig. 3E) Sergestes atlanticus
Telson branches short, length only slightly greater than width 
(Fig. 3F) Eusergestes arcticus
8 Posterior process of pereion swollen at base (Fig. 3G) Deosergestes corniculum
Posterior process of pereion not swollen at base 9
9 Lateral process with 7 long spines at the base (Fig. 3H) Sergia remipes
Lateral process with 3 long spines at the base (Fig. 3I) Deosergestes henseni
10 Setal formula of antennal protopod and endopod is 1,1,2, third maxilliped absent (Fig. 3J)
Penaeus (Melicertus) kera-
thurus
Setal formula of antennal protopod and endopod is 1,2,2 
(Fig. 3K) Penaeopsis
Setal formula of antennal protopod and endopod is 1,2,3 
(Fig. 3M) 11
Setal formula of antennal protopod and endopod is 2,2,2 
(Figs. 1C, 2C) 12
11 Length of antennula 2 × longer than antenna (Fig. 3L) Sicyonia carinata
Length of antennula approximately equal to that of antenna Parapenaeus longirostris
12 Exopod of the third maxilliped with 3 setae (Fig. 3N) Aristaeomorpha foliacea
Exopod of the third maxilliped with 2 setae (Figs. 1I, 2I) 13
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13 Setal formula of antennula is 0,1,4 (Fig. 2B) Gennadas elegans
Setal formula of antennula is 1,4,3 (Fig. 1B) Aristeus antennatus
Discussion. Although morphologically quite similar in most of their characters, the first protozoeal stages of 
A. antennatus and G. elegans bear some differences that will allow to distinguish them, as shown in Table 1 and in 
the identification key proposed. The first protozoea of A. antennatus presents 1, 4, 3 setae along the segments of 
the antennula, whereas in the case of G. elegans, the setal formula is 0, 1, 4. These characters are relatively easy to 
observe at the stereomicroscope, in most cases without the need of dissecting the specimens, and should provide 
an easy guide to differentiating the first protozoea of these two species.
The identification and morphological description of the larval series of A. antennatus found in the plankton 
off the Balearic archipelago by Heldt in  195520 has proven to be fundamentally correct, as the descriptions of 
the rest of known stages of the species—PZ II, PZ III and mysis I—have been recently  confirmed22. However, 
when comparing the A. antennatus PZ I from the present study with the one described by  Heldt20, we found 
differences in the size of the larvae—the sole specimen in the cited study measured 1.55 mm, whereas in the 
present study the average total length is 1.2 mm. Moreover, we found differences between the two studies in the 
number of aesthetascs on the antennula, and in the number of setae on the exopod of the third maxilliped. While 
the possibility of an error can never be excluded, Heldt’s meticulous work and thorough descriptions in all her 
publications on Penaeid larvae make it unlikely that she would draw and describe a morphological character 
that she did not observe. We here expose our considerations about this contradiction.
First, Heldt’s study refers that one single specimen of first protozoea stage was caught for each of the studied 
species, A. antennatus and A. foliacea, but that the latter was apparently lost during manipulation and could 
not be described. Second, as seen in Table 1, the total length of the A. antennatus PZ I specimen measured by 
Heldt is 1.55 mm, while the next stage, PZ II, measured 1.50–2.03 mm20: this would mean that the PZ II was 
smaller than its previous stage. Variability in total length of these larvae has not been studied and might allow 
for such values, but Carreton et al.22 found an average total length of only 1.2 mm (± 0.05) for the PZ I. On the 
other hand, the PZ II of A. foliacea examined by Heldt measured 1.9 mm20 which is more in agreement with the 
length of the PZ I larva described as A. antennatus. Finally, Heldt’s description of A. antennatus PZ I accounts 
for 3 setae on the exopod of the third maxilliped (mxp3), whereas in our findings, all individuals presented 
only 2 setae. Furthermore, it seems that, in Heldt’s description, A. foliacea PZ II larvae present more developed 
characters than A. antennatus PZ II, as the mxp3 is described in A. foliacea with 3 setae on the exopod and 2 on 
the endopod, while in the case of A. antennatus, it only presents setae on the exopod. It would then be possible 
that, in the case of the PZ I, the more setose (3-setae) third maxilliped belongs to A. foliacea and the less setose 
(2-setae) one belongs to A. antennatus. For these reasons, we conclude that Heldt’s description of A. antennatus 
PZ I is probably that of A. foliacea. The PZ I of A. antennatus would then have remained undescribed until now.
The present study provides the first detailed morphological description of the protozoea I larvae of A. anten-
natus and G. elegans according to modern standards, made from plankton samples after identification being 
confirmed with molecular analysis. The protozoea I larvae of the two studied species can be morphologically 
distinguished from one another mainly by the setation of the antennula. An identification key is provided allow-
ing for the morphological identification of all first protozoea larvae of Dendrobranchiata for the Mediterranean 
Sea and Northeast Atlantic Ocean known today.
In a context where fisheries science is increasingly drawing on marine connectivity to design regional-scale 
management strategies for commercial species, larval distribution studies are one of the first stepping stones to 
effective planning, as they broaden the knowledge on species dispersal patterns. It is then essential to ensure a 
correct identification of these larvae, and morphological characters provide accurate, at-hand information even 
when molecular methods are not applicable. Our results set a starting point for A. antennatus connectivity stud-
ies in the frame of fisheries management, and we are confident that the identification key provided will make 
classification of the featured early larval stages accessible to both taxonomers in the field and non-specialists.
Method
Specimen collection. For A. antennatus larvae, the sampling was carried out in August 2016 in various 
locations off the Spanish Mediterranean coast (Table 2). We used a neuston sledge with a 300-µm mesh net 
between 0.5 and 1 m depth over bottoms of 123 to 1626 m. For G. elegans larvae, we sampled 3 stations off the 
Catalan coast in February 2017 (Table 2). The selection of this second sampling interval outside of the reproduc-
tive period of A. antennatus was deliberate in order to avoid collecting a mix of the two species. We used a 60-cm 
diameter bongo with a 300-µm mesh net in oblique tows between 500 m depth and the surface, over bottoms of 
1,952 and 1,790 m. All PZ I larvae from both samplings were sorted and identified at the stereomicroscope using 
the available keys and  descriptions20,21,31 and stored individually in 96% ethanol.
From the total of PZ I larvae caught in each sampling (527 in the summer and 11 in the winter), Carreton 
et al.22 performed extraction, amplification and sequencing of the Cytochrome Oxydase I (COI) and 16S rDNA 
molecular markers on randomly-selected individuals (24 in the summer and 4 in the winter). All summer indi-
viduals analysed were identified as A. antennatus and all winter individuals as G. elegans. The genetic distance 
values were 0.00 within each species and 0.15 between species, the latter calculated with 16S rDNA data. Carreton 
et al.22 also took Scanning Electron Microscopy (SEM) images and measurements of total length and carapace 
length for individuals of both taxa and sampling season.
Drawings and measurements. Drawings and measurements were made following the methods and 
equipment presented by Bartilotti et al.39. Additionally, and since they are transparent, the larvae were stained 
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with Chlorazol Black and Hematoxylin before being drawn. The long aesthetascs on the antennulae as well as 
the long plumose setae on the distal end of the exopods and on the uropods and telson were drawn truncated; 
the setules from setae were omitted from drawings when necessary. The drawings were then improved and 
digitally organized using GIMP  software40. The observed individuals have been deposited at the Biological Ref-
erence Collection at the Institut de Ciències del Mar (ICM-CSIC) in Barcelona, Spain, under reference numbers 
ICMD002660 for A. antennatus and ICMD002661 for G. elegans.
Data availability
Data from this paper are available to readers upon request. The observed larvae have been deposited at the Bio-
logical Reference Collection at the Institut de Ciències del Mar (ICM-CSIC) in Barcelona, Spain, under reference 
numbers ICMD002660 for A. antennatus and ICMD002661 for G. elegans.
Received: 3 February 2020; Accepted: 15 June 2020
References
 1. Norcross, B. L. & Shaw, R. F. Oceanic and estuarine transport of fish eggs and larvae: a review. Trans. Am. Fish. Soc. 113(2), 153–165 
(1984).
 2. Pineda, J., Hare, J. & Sponaugle, S. Larval transport and dispersal in the coastal ocean and consequences for population connectiv-
ity. Oceanography 20(3), 22–39. https ://doi.org/10.5670/ocean og.2007.27 (2007).
 3. Cowen, R. K. & Sponaugle, S. Larval dispersal and marine population connectivity. Annu. Rev. Mar. Sci. 1, 443–466. https ://doi.
org/10.1146/annur ev.marin e.01090 8.16375 7 (2019).
 4. Sars, G. O. On some remarkable forms of animal life from the great deeps off the Norwegian coast. II. Researches on the structure and 
affinity of the genus Brisinga based on the study of a new species, Brisinga coronata (Christiana University, Christiania, 1875).
 5. Heldt, J. H. La réproduction chez les crustacés décapodes de la famille des Pénéides. Ann. I. Océanogr Monaco 18(2), 31–206 (1938).
 6. Ingle, R. W. The larval and post-larval development of the edible crab, Cancer pagurus Linnaeus (Decapoda: Brachyura). Bull. Br. 
Mus. nat. Hist. (Zool.) 40(5), 211–236 (1981).
 7. González-Gordillo, J., Dos Santos, A. & Rodriguez, A. Checklist and annotated bibliography of decapod crustacean larvae from 
the Southwestern European coast (Gibraltar Strait area). Sci. Mar. 65(4), 275–305. https ://doi.org/10.3989/scima r.2001.65n42 75 
(2001).
 8. General Fisheries Commission for the Mediterranean. The State of Mediterranean and Black Sea Fisheries (FAO, 2018).
 9. Maynou, F. Environmental causes of the fluctuations of red shrimp (Aristeus antennatus) landings in the Catalan Sea. J. Mar. Syst. 
71(3–4), 294–302. https ://doi.org/10.1016/j.jmars ys.2006.09.008 (2008).
 10. Departament d’Agricultura, Ramaderia, Pesca i Alimentació. Estadístiques de pesca. Generalitat de Catalunya. https ://agric ultur 
a.genca t.cat/ca/ambit s/pesca /dar_estad istiq ues_pesca _subha stada /dar_captu res_espec ies/gamba -rosad a/ (2017).
 11. Sardà, F. & Demestre, M. Estudio biológico de la gamba Aristeus antennatus (Risso, 1816) en el Mar Catalán (NE de España). Invest. 
Pesq. 51, 213–232 (1987).
 12. Demestre, M. & Fortuño, J. M. Reproduction of the deep-water shrimp Aristeus antennatus (Decapoda: Dendrobranchiata). Mar. 
Ecol. Prog. Ser. 84, 41–51. https ://doi.org/10.3354/meps0 84041 (1992).
 13. Sardà, F. et al. Deep-sea distribution, biological and ecological aspects of Aristeus antennatus (Risso, 1816) in the western and 
central Mediterranean Sea. Sci. Mar. 68(Suppl. 3), 117–127 (2004).
 14. BOE. Orden APM/532/2018, de 25 de mayo, por la que se regula la pesca de gamba rosada (Aristeus antennatus) con arte de arrastre 
de fondo en determinadas zonas marítimas próximas a Palamós. 128. Sábado 26 de mayo de 2018(Sección III), 55045–55051 (2018).
 15. Sardà, F., Cartes, J. E. & Norbis, W. Spatio-temporal structure of the deep-water shrimp Aristeus antennatus (Decapoda: Aristeidae) 
population in the western Mediterranean. Fish. Bull. 92, 599–607 (1994).
 16. Tudela, S., Sardà, F., Maynou, F. & Demestre, M. Influence of submarine canyons in the distribution of the deep-water shrimp, 
Aristeus antennatus (Risso, 1816) in the NW Mediterranean. Crustaceana 76(2), 217–225 (2003).
 17. Torres, A. P. et al. Decapod crustacean larval communities in the Balearic Sea (western Mediterranean): seasonal composition, 
horizontal and vertical distribution patterns. J. Mar. Syst. 138, 112–126. https ://doi.org/10.1016/j.jmars ys.2013.11.017 (2014).
 18. Martin, J. W., Criales, M. M. & Dos Santos, A. Dendrobranchiata. In Atlas of Crustacean Larvae (eds Martin, J. W. et al.) 235–246 
(Johns Hopkins University Press, Baltimore, 2014).
 19. Buckland, C., Castellani, C., Lindley, A. J. & Dos Santos, A. Crustacea: Decapoda. In Marine Plankton: A Practical Guide to Ecology, 
Methodology, and Taxonomy (eds Castellani, C. & Edwards, M.) 420–464 (Oxford University Press, Oxford, 2017).
 20. Heldt, J. H. Contribution à l’étude de la biologie des crevettes pénéides Aristeomorpha foliacea (Risso) et Aristeus antennatus (Risso) 
(formes larvaires). B. Soc. Sci. Nat. Tunisie VIII(1–2), 1–29 (1955).
 21. Torres, A. P., Dos Santos, A., Alemany, F. & Massutí, E. Larval stages of crustacean species of interest for conservation and fishing 
exploitation in the western Mediterranean. Sci. Mar. 77(1), 149–160. https ://doi.org/10.3989/scima r.03749 .26D (2013).
 22. Carreton, M. et al. Morphological identification and molecular confirmation of the deep-sea blue and red shrimp Aristeus anten-
natus larvae. PeerJ 7, e6063. https ://doi.org/10.7717/peerj .6063 (2019).
 23. Seridji, R. Contribution à l’étude des larves de crustacés décapodes en baie d’Alger. Inst. Oceanogr. Alger Bull. Pelagos 3(2) (1971).
Table 2.  Information on the larvae observed.
Date Lon (°E) Lat (°N) Gear Mesh size (µm) Sampling depth (m) Bottom depth (m) Number of individuals observed Species
2016–08-25 3.5862 41.6697 Neuston sledge 300 0.5–1 704 3 Aristeus antennatus
2016–08-20 2.9417 41.5080 Neuston sledge 300 0.5–1 507 10 Aristeus antennatus
2017–02-19 2.7630 41.2000 Bongo 300 0–500 1,173 4 Gennadas elegans
2017–02-21 3.7199 41.2885 Bongo 300 0–618 2,401 3 Gennadas elegans
2017–02-17 2.8811 41.3418 Bongo 300 0–506 1,790 2 Gennadas elegans
2017–02-17 2.8811 41.3418 Bongo 300 0–506 1,790 2 Gennadas elegans
10
Vol:.(1234567890)
Scientific RepoRtS |        (2020) 10:11178  | https://doi.org/10.1038/s41598-020-68044-9
www.nature.com/scientificreports/
 24. Dos Santos, A. On the occurrence of larvae of Parapenaeus longirostris (Crustacea: Decapoda: Penaeoidea) off the Portuguese 
coast. J. Nat. Hist. 32(10–11), 1519–1523. https ://doi.org/10.1080/00222 93980 07710 51 (1998).
 25. Carbonell, A., Dos Santos, A., Alemany, F. & Vélez-Belchi, P. Larvae of the red shrimp Aristeus antennatus (Decapoda: Dendro-
branchiata: Aristeidae) in the Balearic Sea: new occurrences fifty years later. Mar. Biodivers. Rec. 3, 1–4. https ://doi.org/10.1017/
s1755 26721 00007 58 (2010).
 26. Landeira, J.M. Larvas planctónicas de crustáceos decápodos en las Islas Canarias. PhD Thesis. (Universidad de La Laguna, 2010).
 27. Gurney, R. Decapod larvae. Part IX. British Antarctic (Terra Nova) Expedition. Nat. Hist. Rep. Terra Nova Exp. 8(2), 38–200 (1924).
 28. Criales, M. M. & McGowan, M. F. Occurrence and description of mysis larvae of a mesopelagic shrimp species of the genus Gen-
nadas (Crustacea: Decapoda: Aristeidae) from coastal waters of South Florida. Bull. Mar. Sci. 53(3), 973–984 (1993).
 29. Koettker, A. G., Freire, A. S. & Sumida, P. Y. G. Temporal, diel and spatial variability of decapod larvae from St Paul’s Rocks, an 
equatorial oceanic island of Brazil. J. Mar. Biol. Assoc. UK 90(6), 1227–1239 (2009).
 30. Fogarty, M. J. & Botsford, L. W. Population connectivity and spatial management of marine fisheries. Oceanography 20(3), 112–123 
(2007).
 31. Dos Santos, A. & Lindley, J. A. Crustacea Decapoda: Larvae II. Dendrobranchiata (Aristeidae, Benthesicymidae, Penaeidae, Solenoceridae, 
Sicyonidae, Sergestidae, and Luciferidae). ICES Identification Leaflets for Plankton 1–9 (2001).
 32. Calazans, D. Key to the larvae and decapodids of genera of the infraorder Penaeidea from the southern Brazilian coast. Nauplius 
1, 45–62 (1993).
 33. Gurney, R. The larval development of two penaeid prawns from Bermuda of the genera Sicyonia and Penaeopsis. Proc. Zool. Soc. 
Lond. 113, 1–16 (1943).
 34. Hashizume, K. Larval development of seven species of Lucifer (Dendrobranchiata, Sergestoidea), with a key for the identifica-
tion of their larval forms. in Crustaceans and the Biodiversity Crisis: Proceedings of the Fourth International Crustacean Congress, 
Amsterdam, The Netherlands, July 20–24, 1998, Vol. 1 (eds. Schram, F. R. & von Vaupel Klein, J. C.) 753–779. Leiden: Brssill (1999).
 35. Heldt, J. H. Contribution à l’étude de la biologie des Crevettes Pénéidés. Formes larvaires de Solenocera membranacea (H. M.-Edw.). 
Bull. Station Océanogr. Salammbô 51, 29–56 (1955).
 36. Gurney, R. & Lebour, M. V. Larvae of decapod Crustacea. Part VI. The genus Sergestes. Discov. Rep. 20, 1–68 (1940).
 37. Wasserloos, E. Zur kenntnis der matamorphose von Sergestes arcticus Kr. Zool. Anz. 33, 303–331 (1908).
 38. Paulinose, V. T. Developmental stages of Penaeopsis rectacuta Bate (Decapoda: Penaeidae) from the Indian Ocean. Handb. Int. 
Zooplank. Collect. 5, 97–110 (1973).
 39. Bartilotti, C., Salabert, J. & Dos Santos, A. Complete larval development of Thor amboinensis (De Man, 1888) Decapoda: Thoridae) 
described from laboratory-reared material and identified by DNA barcoding. Zootaxa 4066, 399–420. https ://doi.org/10.11646 /
zoota xa.4066.4.3 (2016).
 40. The GIMP Development Team. (GIMP, 2019). https ://gimp.org
Acknowledgements
This research was carried out within project CONECTA (CTM2014-54648-C2) funded by the Spanish Ministerio 
de Economía y Competitividad (MINECO).The authors would like to thank Dr. A. Sabatés for providing the win-
ter zooplankton samples from project WINFISH (CTM2015-68543-R). M. Carreton benefited from a FPU2015 
grant from the Spanish Ministerio de Educación y Formación Profesional. L. Faria de Sousa was supported by 
the grant PLANTROF Dinâmica do plâncton e transferência trófica: Biodiversidade e ecologia do zooplâncton 
de Portugal: Mar 2020—Programa Operacional Mar 2020 Portaria N. 118/2016, and this research was partly 
supported by the project “Towards an integrated approach to enhance predictive accuracy of jellyfish impact 
on coastal marine ecosystems- Jellyfisheries” 2015-2018 FEDER 16772, FCT, IP - PTDC/MAR-BIO/0440/2014.
Author contributions
MC and ADS contributed equally to the manuscript. They both conceived the experiment and analysed the data. 
MC wrote the main manuscript text. ADS prepared the descriptions and the identification key, and reviewed 
the text. LFDS prepared the figures. GR and JBC contributed to the conception of the experiment, sampling of 
larvae, and reviewed the text.
competing interests 
The authors declare no competing interests.
Additional information
Correspondence and requests for materials should be addressed to M.C.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this license, visit http://creat iveco mmons .org/licen ses/by/4.0/.
© The Author(s) 2020
